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ABSTRACT
We have investigated temporal and spectral properties of a large sample of thermonuclear bursts
with oscillations from eight different sources with spin frequencies varying from 270 to 620 Hz. For
our sample we chose those bursts, for which the oscillation is sufficiently strong and of relatively long
duration. The emission from the hot-spot that is formed during a thermonuclear burst is modulated
by several physical processes and the burst oscillation profiles unavoidably carry signatures of these. In
order to probe these mechanisms, we examined the amplitude and phase lags of the burst oscillations
with energy. We also studied the frequency variation of oscillations during these thermonuclear bursts.
We observed that the frequency drifts are more frequent in the cases where the spin frequency is
lower. We found that the phase lag of the burst oscillations shows no systematic evolution with
energy between the bursts, and also in between different sources. In 7 cases, we do indeed observe lag
of soft energy photons, while there are a significant number of cases for which hard lag or no lag is
observed.
Subject headings: methods: data analysis stars: neutron X-rays: binaries X-rays: bursts
1. INTRODUCTION
Thermonuclear bursts are observed from accreting neu-
tron stars in low mass X-ray binaries (LMXBs) when ac-
creted matter gets ignited on the stellar surface triggering
an unstable thermonuclear reaction. Such bursts origi-
nating from the neutron star surface are the most promis-
ing candidates to probe the degenerate supra-nuclear
matter at the stellar core. The properties of thermonu-
clear bursts depend on the underlying physical conditions
present during the runaway thermonuclear processes on
the stellar surface. Various factors, such as, the accretion
rate, the accreted fuel, magnetic field, stellar spin affect
the burst characteristics. During thermonuclear bursts,
the observed highly coherent periodic intensity variations
are attributed to asymmetries developed on the surface of
the rapidly rotating neutron star. Such burst oscillations
were first reported by Strohmayer et al. (1996) using ob-
servations with Rossi X-ray Timing Explorer (RXTE).
The detection of burst oscillation at 401 Hz from the mil-
lisecond pulsar SAX J1808.4–3658 (Chakrabarty et al.
2003) proved the burst oscillation frequency to be syn-
onymous with the spin frequency of the neutron star.
The detected frequencies of burst oscillations range from
11 to 620 Hz. Burst oscillations are detected in about
10% of thermonuclear bursts and are observed during all
three phases of the burst, namely the rise, peak and tail.
The oscillation frequency occasionally drifts by 1-2 Hz
and and asymptotically approaches the spin frequency
(Galloway et al. 2008; Watts 2012).
The burst oscillations during the rising phase is ex-
pected to originate due to an expanding hot-spot on
the stellar surface as the thermonuclear flame propa-
gates from the point of ignition. However, the origin of
burst oscillations during the tail is still highly debated,
and various models have been proposed to explain them.
The two most promising models for burst decay oscilla-
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tions are the propagating surface wave modes in the neu-
tron star ocean (see Heyl (2004), Watts (2012) and ref-
erences therein) and the asymmetric cooling wake model
(Mahmoodifar & Strohmayer 2016).
Burst oscillation also offers a promising tool to probe
various questions about the emission mechanism, such as,
the physics of the thermonuclear burning front propaga-
tion. The emission from the hot-spot giving rise to the
asymmetry gets modulated by relativistic effects, in par-
ticular by Doppler shift and light bending. The emission
profile of signal from the hot-spot gets distorted due to
these effects and hence an accurate modeling of the oscil-
lation waveform can put new constraints on the mass and
radius of the neutron star (Lo et al. 2013; Cadeau et al.
2005). Doppler effect and the light bending are depen-
dent on the mass and radius of the neutron star. A strong
signature of the special relativistic Doppler effect is pro-
posed to be the presence of lags in the oscillation profile
at the softer energy bands (Strohmayer et al. 1999; Ford
1999; Strohmayer 2000). For extremely rapidly spinning
LMXBs this effect might become very significant. Ford
(1999) reported a soft lag in the burst oscillation detected
from a thermonuclear burst from the source Aquila X-
1. Muno et al. (2003) investigated the energy depen-
dence of the amplitude and phase variation burst oscilla-
tion for eight sources. For non-pulsating weakly magne-
tized LMXBs, the oscillation exhibits negligible fraction
of harmonic content and the profiles are nearly sinusoidal
(Muno et al. 2003; Bhattacharyya & Strohmayer 2005;
Watts 2012). The relatively low amplitudes of these os-
cillations indicate ignition near the polar latitudes. By
examining the amplitude and phase evolution of burst os-
cillation profiles, it was found that the averaged profiles
exhibit phase variations inconsistent with the theoreti-
cal expectations (Muno et al. 2003). In certain cases, a
monotonically increasing hard lag contrary to a soft one
was reported (Figure 2 of Muno et al. (2003)). This fact
lends support to the suggestion that in such cases the
2Doppler effect is less significant compared to other pro-
cesses, such as, Comptonization which might give rise to
the hard lags (Ford 1999). If such a scenario is indeed
the case, the method of constraining the neutron star
equation of state through burst oscillation profile mod-
eling becomes ineffective as other significant systematic
effects would then come into play. Artigue et al. (2013)
examined four of these bursts and a super-burst from
4U 1636–536 individually and inferred that the phase
lag variation is fully consistent with a rotating hot-spot
model: The phase of the burst oscillation either showed
soft lag or even when it showed random variation it was
consistent within statistical errors with their theoreti-
cally predicted behavior assuming a rotating hot-spot
model. The amplitude of the oscillation was observed
to display a monotonically increasing behavior with en-
ergy which was also consistent with expectations. The
lack of the harmonic content indicated a relatively sim-
pler sinusoidal emission mechanism possibly closer to the
rotational poles (Muno et al. 2002b).
Maurer & Watts (2008) simulated burst temporal pro-
files as a function of the various ignition conditions. They
inferred that depending on latitude where the ignition is
triggered, the burst rise profile shows either a convex or a
concave shape. They parametrized the burst rise profile
by a figure-of-merit quantity termed convexity which is
always positive for bursts ignited near the equator and
can be both positive and negative for bursts ignited near
the poles. The ignition latitude on the other hand is
dependent on the accretion rate and on the consequent
burning regimes that set in with the varying accretion
rate (Cooper & Narayan 2007). The presence and char-
acteristics of burst oscillations are dependent on the ig-
nition latitude as various factors, such as, flame spread-
ing, rotational modulation are responsible for preserving
the brightness asymmetry. Therefore, it can be observed
that the burst oscillation properties are correlated with
the convexity parameter that quantifies the burst profile
shape. Maurer & Watts (2008) and Zhang et al. (2016)
showed that the distribution of convexity values is dif-
ferent for bursts that exhibit oscillation as compared to
those without oscillation. This suggests that bursts ig-
nited at certain ignition latitudes are more likely to show
burst oscillations.
Burst oscillations exhibit relatively simpler waveforms
compared to the complex structured rotationally pow-
ered or magnetically powered pulse profiles. Although
their frequency drift and their origin especially during
the decay introduces certain uncertainty, they still have
advantages over rotational powered pulsation as they are
not modulated by the intricate and ambiguous emission
processes near the magnetic pole. Thus burst oscilla-
tions are still ideal tools for constraining neutron star
compactness through pulse profile modeling. Here, we
investigated 50 thermonuclear X-ray bursts from eight
neutron star LMXBs in detail, and obtained their time
and energy dependent temporal and spectral characteris-
tics. In particular, for each burst, we explored the evolu-
tion of burst oscillation frequency, oscillation amplitude,
and phase of oscillations with energy, as well as tempo-
ral evolution of the spectral parameters and oscillation
amplitudes in order to better understand their origin, du-
ration and intrinsic factors governing them. We describe
our analysis and present our results in § 2, and discuss
the implications of these results in the final section.
2. OBSERVATION, DATA ANALYSIS AND RESULTS
Our sample of bursts consists of 50 individual events
from 4U 1636–536, 4U 1702–42, 4U 1728–34, KS 1731–
260, MXB 1658–298, 4U 1608–52, SAX J1750.8–2900, 4U
1915–053 detected with RXTE between 1996 July 14 and
2005 September 17 Galloway et al. (2008). We selected
these LMXB sources having a range of spin frequencies
to examine the effects of the rotation frequency on the
properties of burst oscillation. For this investigation, we
have made use of the data collected with the Proportional
Counter Array (PCA) on-board RXTE. The PCA con-
sisted of five proportional counter units (PCU), each of
which comprises of one propane veto layer, three Xenon
layers and one Xenon veto layer (Jahoda et al. 2006).
The PCA offered good sensitivity in the range 2-60 keV
and corresponded to an effective area of 6500 cm2 (when
all five PCUs were operational). We considered Event
mode data (or GoodXenon mode data where present) as
they offered time resolution down to µs scale, and suffi-
ciently good energy resolution which are essential for our
timing study of burst oscillations. We used HEASOFT
v6.19 tools and CALDB version 20120110 to analyze the
data.
We first searched for burst oscillations in these 50 ther-
monuclear X-ray bursts. We focused on the oscillations
detected in the tail of thermonuclear bursts though for
comparison we have included about 10 cases where os-
cillation have been detected during the burst rise. We
present our sample of bursts in Table 1, which lists the
source of the burst, spin frequency of the underlying neu-
tron star, time and identification number of RXTE obser-
vation. This table also provides the burst rise time and
the duration along with the oscillation parameters. The
burst duration is defined as the time interval between
the time when the intensity increases sharply during the
rise and the time at which the burst intensity falls down
to 10% of the burst peak intensity. For each burst, we
identified the peak time of the burst and searched for os-
cillation in 2 s segments following the peak, shifting the
each segment by a sliding time window of 0.25 s. In each
time segment we calculated the power as a function of
frequency taking a trial frequency range ±2 Hz within
the reported spin frequency of the star with frequency
steps of 0.001 Hz. The power was calculated using the Z2
distribution which is effectively same as the fast-Fourier
transform but can be applied in the case of continuous
unbinned data. The Z2 is defined as
Z2 =
2
N
n∑
m=1
[{
N∑
j=1
cos(mφj)}
2 + {
N∑
j=1
sin(mφj)}
2] (1)
where N is the total number of photons, n is the total
number of harmonics and φj is the phase of the j
th pho-
ton. We have taken the number of harmonics n to be
1, as generally significant harmonics are not detected for
the case of burst oscillations in non-pulsating sources.
The Z2 vs. frequency distribution thus obtained was fit-
ted with a Gaussian function whose centroid frequency
corresponded to the local oscillation frequency of that
particular time segment. A threshold criterion was used
on the Gaussian amplitude to mark a detection which
corresponded to the 3 σ power. For the segments where
3oscillation was significantly detected, the frequency and
its error were evaluated. This procedure was repeated
for all time segments during the burst and the time evo-
lution of the frequency of significant burst oscillation
was computed. We then modeled the time evolution of
the frequency of burst oscillation using a constant and
a quadratic (an approximation of the chirp) function.
The parameters of the constant and quadratic models,
and the corresponding fit statistics were computed. For
the cases where the reduced chi-square of the constant
model was greater than 1.3 and that of the quadratic
model was lower, we used the latter model to describe
the frequency evolution. Otherwise a constant model was
employed. Additionally, we recorded the time intervals
within which the oscillation was found to be significant.
In Table. 1, we also present the burst peak intensity, the
average intensity per PCU during time when oscillation
was significant and the time duration of the significant
oscillation. The last 10 data points in Table. 1 following
the horizontal line represents the cases where burst os-
cillations have been detected in only the rising phase of
the bursts. For the oscillations during rise, it can be ob-
served from Table. 1 Tosc is sometimes greater than burst
rise time which may seem counter-intuitive but this is be-
cause Tosc is searched in overlapping 2 s coarse timebins
whereas the burst rise time which was calculated at a
much finer time resolution of 0.125 s. This different res-
olution for computing the two quantities may result in
above mismatch if the oscillation lasts till the very end
of the burst rise.
Next, we proceeded to uncover the energy dependence
of the properties of burst oscillations. For this purpose,
we first evaluated the phase variations of burst oscilla-
tions with energy. We calculated the phase evolution in
the 5 energy bands corresponding to the absolute PCU
channel ranges of 5-12, 13-21, 22-33, 34-43 and 44-71. In
each channel (i.e., energy) interval, the time stamps were
extracted from event file and the corresponding phases
were obtained using the frequency evolution model which
was already determined. By coherently folding the data,
the phase folded light curves or the burst oscillation pro-
files with 16 phase bins were obtained. The contribution
of the persistent emission was subtracted from the phase
folded profile. The profiles were then fitted with a sinu-
soidal model, namely A + B sin(φ + C), and computed
the parameters of the sinusoidal model over all five en-
ergy ranges. The phase of sinusoidal function over the
entire energy range was taken as the reference phase.
The difference of the phase of each sine function in each
energy band from that in the reference band gives the
phase lag in that particular energy band. The 1σ errors
on the phases in each energy band were propagated to
obtain the 1σ error on the phase difference in each en-
ergy band. The fractional amplitude of the oscillation in
each energy band was calculated by computing the ratio
of parameters B to A for each band.
We find that the phase lag behavior in energy is either
constant or varies significantly (see Fig. 1). In this case
we have focused on each individual burst oscillation event
as compared to averaged profile for a source as presented
by Muno et al. (2003). Even though we do indeed see in
a few cases a soft lag (Fig. 1) as predicted to be arising
from Doppler effects by theoretical models, we observe in
most cases hard lags or no lags. Taking the entire energy
band as the reference phase band may introduce some
bias since the errors are not entirely independent in this
case. To cross-check our results, instead of taking the en-
tire energy range; we took the first band as the reference
band and recomputed the phase lag variations. In this
case, the errors on the phase lag values get comparatively
larger given less number of counts was accumulated. We
then compared the phase lag results obtained from these
two methods and found that they completely agree with
each other within error bars and the phase lag trends are
the same in both cases (Fig. 2). Therefore the choice
of the entire energy band as the reference phase band
is justified considering statistical errors and we continue
with this choice in this analysis. To quantify the phase
lag evolution, we modeled the variation using a constant
and a linear model. The parameters of the fits for our
sample are presented in Table. 2. In 50% cases, the linear
model showed significant improvement (at least 50%) of
the reduced chi-square statistic over the constant model
implying a lag between the energy bands. A negative
slope corresponded to a soft lag whereas a positive slope
implied a hard lag for the cases where the linear model
was a better fit. Due to the small number of data points
we do not quote any comparison test statistics between
two models. There are some cases where neither of the
models produce a good fit, which implies that in those
cases the phase lag shows neither a constant nor a mono-
tonic behavior. The fractional amplitude variation of the
oscillation with energy showed usually a monotonic in-
creasing trend (see Fig. 3). There are a few cases where
the fractional amplitude variation shows a fluctuating
behavior but this can be mostly attributed to relatively
weak burst oscillation signals.
We followed the same procedure as described above to
compute the total fractional amplitude and considered
the entire energy range in this case. The extracted time
stamps within this range is folded according to the fre-
quency model computed. The folded light curve is then
again modeled using a sine function as before, and the
corresponding fractional amplitude was calculated. We
quote the total fractional amplitude for each burst show-
ing oscillation in Table 1. Mahmoodifar & Strohmayer
(2016) put forward cooling wake models for explaining
the origin of oscillations during the tail of the bursts.
There are two categories of cooling wake models; the
canonical cooling and the asymmetric cooling models.
The canonical model predicts a correlation between the
burst rise duration and the total burst tail oscillation
amplitude. Our results show there is no such correla-
tion present as shown by Fig. 4, arguing against the
canonical wake models and favoring the asymmetric cool-
ing scenario. The correlation coefficient obtained be-
tween the rise time and the oscillation amplitude dur-
ing burst tail is -0.02 with a probability of obtaining
such correlation by a random data sample (i.e., chance
probability) as 88.51%. This supports the conclusion by
Mahmoodifar & Strohmayer (2016) regarding the mech-
anism of burst decay oscillations.
The presence and detection of burst oscillation can be
triggered by a number of physical factors. One key fac-
tor that may contribute to the oscillation properties is
the intensity. We then investigated the dependence of
the oscillation amplitude on the average intensity during
the oscillation phase. We present in Fig. 5 the variation
4of fractional amplitude with intensity for three individ-
ual sources. As evident from the plots, the amplitude
shows a weak anti-correlation with the average intensity.
The values of the correlation coefficient for 4U 1636–536,
4U 1702–42 and 4U 1728-34 are -0.44, -0.66 and -0.70
with chance probabilities of 5.7 × 10−2, 7.8 × 10−3 and
3.6 × 10−2 respectively. Note that the peak intensity of
the burst carries information about the ignition condi-
tions, the burning fuel and the radiative processes during
the burst. Therefore, we also examined the relation be-
tween the peak intensity and the oscillation amplitude.
The behavior between these two quantities is displayed
in Fig. 6 again for the same three classic sources. In this
case, any correlation was weak; The correlation coeffi-
cient and chance probability values were obtained to be
-0.37 and 1.2×10−1 for 4U 1636–536, -0.45 and 8.9×10−2
for 4U 1702–42, and -0.50 and 1.7×10−1 for 4U 1728–34.
The profile of a burst is expected to vary significantly
depending on the latitude of the ignition site on the com-
pact star. It is indeed demonstrated that the shape of
the rise profile is correlated with the latitude at which the
thermonuclear burning initiates (Maurer & Watts 2008).
The convexity parameter is used to quantify the vari-
ability of the shape of burst rise profile. The bursts
that ignite near the poles show both positive and nega-
tive convexity whereas those which ignite near the equa-
tor always correspond to positive convexity values. Mo-
tivated by this distinction, we proceeded on to calcu-
late the convexity parameter to infer the ignition lati-
tude of the bursts and its possible correlation with the
other burst timing and spectral characteristics. Follow-
ing Maurer & Watts (2008), to calculate this parameter
we have normalized the burst rise light curve so that the
normalized burst rise count rate and burst rise time axes
runs from 0 to 10. The convexity parameter is defined as
C =
N∑
i=0
(ci − xi)∆t (2)
where ci is the normalized count rate in each bin, xi is
the expected count rate for a slope of unity, and ∆t is
the time bin size. This quantity basically computes the
excess integrated area of the curve that deviates from the
unity linear slope. Though the bursts with oscillations
show primarily positive convexity, negative convexity is
also observed (Table. 3). Our results imply that ignition
gets initiated near the poles for in a large fraction of the
bursts showing burst decay oscillations.
We investigated the time evolution of the oscillation
during the burst in order to understand how the devel-
oped asymmetries propagate throughout the event. For
this purpose, we divided the burst duration into finer
intervals of 0.5 s, in each such segment the phase folded
light curve was generated using the frequency model com-
puted earlier. In each segment, the profile was then mod-
eled with a sinusoidal model as before and the fractional
amplitude was computed. Along with this, the profile
was also modeled using a constant model. An F-test
analysis was carried out between the two models to deter-
mine the detection significance of the oscillation in each
time bin: If the sine model was better than the constant
one with at least 3σ significance, then the oscillation in
that particular segment was considered to be significant.
The amplitudes during the burst tail in all the cases ex-
hibit significantly high value at least a few seconds after
the burst peak as displayed in Fig. 9. Following this
interval, the amplitude displays lower values and gener-
ally does not correspond to a significant detection. The
duration during which the oscillation was found to be
significant according to our criterion is pointed out using
vertical dashed lines in Fig. 9. In Table. 4 we provide the
details of the maximum amplitude thus obtained during
the burst and its time of occurrence relative to the burst
peak. As it can be seen from this table, for oscillation
during the tail the oscillation reaches peak power a few
seconds after the burst peak. The negative times in this
table pertains to the oscillations detected during burst
rise only.
Along with temporal aspects, we also studied spec-
tral evolution of thermonuclear bursts to understand the
mechanism behind the evolving properties of burst os-
cillations. We selected the burst interval starting from
the rise time to the time where the intensity drops down
to 10% of the burst peak intensity. For performing the
time-resolved spectroscopy we divided the burst inter-
val into finer segments of 1 s duration. For each seg-
ment, we extracted the burst spectrum using event mode
data. The background spectrum was extracted from a
10 s long persistent (non-burst) emission interval of the
light curve. The response files were then generated us-
ing the standard FTOOLS recipe PCARSP considering
all active PCUs. Burst spectra are reasonably well fit-
ted with a blackbody model as shown in previous liter-
ature (Galloway et al. 2008). Therefore, we fitted each
spectrum using XSPEC version 12.9.0n and with an ab-
sorbed blackbody model (i.e., tbabs*bbodyrad). The
neutral hydrogen column density for each source was kept
constant at the value obtained from high resolution spec-
tral observations reported in the literature. The evolving
blackbody temperature and normalization were noted for
each spectrum and the corresponding flux was computed
using the cflux tool. From the time evolving flux values,
the total fluence of the burst was computed by integrat-
ing the flux over the entire burst duration.
As expected, the blackbody model provided an ade-
quate representation of most of time resolved X-ray spec-
tra. The fit quality was poor in some cases most likely
due to relatively large integration time of 1 s. Note also
the fact that we have not included any systematic un-
certainty in our fits. We list the averaged blackbody
temperatures in Table 3. We find that the blackbody
temperature varied between 1 and 3 keV. A fraction of
the more luminous bursts exhibited photospheric radius
expansion phase (PRE) displaying a temperature mini-
mum and normalization maximum near the peak of the
burst. The temperature follows a steady decaying trend
as it is a characteristic of thermonuclear bursts, while the
normalization usually shows an increasing trend in these
bursts possessing burst oscillations. In Fig. 7 we present
an example of the spectral evolution during such a burst.
We investigated the dependence of the oscillation am-
plitude on the simultaneous blackbody temperature to
seek for any connection between the two parameters. We
present in Fig. 8, the variation of fractional amplitude
with respect to the maximum blackbody temperature
within the corresponding oscillation interval. The red
data points represent those temperatures where the oscil-
lation was detected during the rising phase of the burst.
5We find no connection between the maximum blackbody
temperature during the duration of significant oscillation
and the amplitude of oscillation (the correlation coeffi-
cient is -0.27 with a chance probability of 5.3 × 10−2).
Since the blackbody temperature declines steadily dur-
ing the burst tail, and if the oscillation duration is long
enough, the blackbody temperature might have changed
during the time frame of oscillation. For this reason, we
also checked the average blackbody temperature during
the oscillation duration and compared its effect on the
oscillation amplitude. Again we find no correlation: the
correlation coefficient is -0.42 with a chance probability
of 2.4× 10−3.
3. DISCUSSION
Thermonuclear X-ray bursts with transient oscillations
are unique tools to delve into the physics behind the ex-
otic environments of extreme densities. Systematic stud-
ies of these events to uncover their temporal and spectral
characteristics have been ongoing. Our investigation here
is the latest addition to the sequence of extensive studies
with joint timing and spectral characterization of burst
oscillations. Such systematic investigations are essential
for further studies with currently operating X-ray tele-
scopes like Astrosat LAXPC (Agrawal 2006) and NICER
(Gendreau et al. 2012), as well as future missions, such
as eXTP (S. N. Zhang et al. 2016).
In this paper we have extensively investigated the
phase and amplitude evolution of burst oscillation with
energy. We studied the frequency variation of oscillation
during the thermonuclear bursts and observed that the
frequency drifts are more frequent in the cases where the
spin frequency is lower (Muno et al. 2002a). We found
that the phase lag of the burst oscillations shows no sys-
tematic evolution with energy between the bursts and
also between the different sources. Though in a num-
ber of cases we do indeed observe lag of the soft en-
ergy photons, there are a significant number of cases for
which hard lag or no lag is observed. Unlike Muno et al.
(2003), we have not averaged the profiles of oscillations
from different bursts, since the properties of bursts, such
as, ignition latitude, burning fuel may vary widely be-
tween different bursts even from the same source. This
was an issue raised by Artigue et al. (2013) about the
methodology of Muno et al. (2003). We found that the
amplitude of the burst oscillations, on the other hand,
primarily showed a monotonic increase with energy, as it
is in accordance with the theoretical expectations. The
amplitude of oscillations is expected to be lower in the
softer energy bands as continuum emission from the neu-
tron star peaks in the lower energy bands decreasing the
brightness contrast. The evolution of the amplitude with
energy varied between bursts even from the same source
again, possibly due to different thermonuclear ignition
conditions. The amplitude evolution depends on the
brightness contrast which is a function of the temper-
ature distribution, the ignition latitude, the fuel com-
position, the hot spot size and shape. Between bursts
from different sources, the stellar spin and the redshift
due to the stellar gravity (a function of M/R) could also
affect the oscillation amplitude behavior. Here we note
that for accretion powered pulsations, the amplitude oc-
casionally shows a decreasing trend with energy contrary
to the burst oscillations (Muno et al. 2003; Watts 2012).
In the rotating hot-spot model, the emission from the
hot-spot is modulated by Doppler effect due to a rapidly
spinning neutron star. This is supposed to manifest as a
lag of the soft energy photons of the burst oscillations.
However, we observed mixed behavior in variations of
the phase lag with energy: The first row in Fig. 1 shows
the representative cases where there is no lag observed for
three different sources, the second row corresponds to the
case where the phase lag varies non-monotonically with
energy for the same sources. The third and the fourth
rows correspond to those for which hard and soft lags,
respectively, are observed for bursts from these sources.
For each source, the slope of the phase lag variation with
energy (fitted with a linear model) exhibits both positive
and negative values and is uncorrelated with the spin
or other stellar properties. For the oscillations in the
decaying phase of 4U 1636–536, we detected four cases
with negative slope of the phase lag, that is, tentative soft
lag among the 14 selected burst decay oscillations; for 4U
1702–429 bursts, we detected six instances with negative
slope among 12 burst decay oscillations. For 4U 1728–
34, there were four instances with negative slope among 7
burst decay oscillations. For the other sources as well, the
slopes of the phase lags were both positive and negative
irrespective of the stellar properties. It is important to
note here that a negative or a positive slope does not
always necessitate a soft or a hard lag as in certain cases
the phase lag evolution is well described by a constant
function when compared against a linear model.
An alternative argument to explain the phase lag
variation invoked Comptonization of burst photons via
scattering in the hot corona (Ford 1999; Muno et al.
2003). Additionally, the interaction of the burst pho-
tons with the rotating accretion disk was also suggested
to have effects though in this case it was harder to ex-
plain the observed trends (Muno et al. 2003). However,
Artigue et al. (2013) has modeled the theoretically ex-
pected phase evolutions, compared them with observa-
tions from four bursts from 4U 1636–536. In their model,
the source related parameters (mass, radius, viewing lat-
itude, and distance) were kept constant, while the spot
latitude, spot radius, and color temperature were free to
constrain. They inferred that after taking into account
the range of the parameter space, the data is statistically
consistent with the predictions of the rotating hot-spot
model. In this scenario, the deviation of the data from
the model can be explained by the statistical fluctua-
tions even for a correct model possibly due to folding
the profile over seconds and thereby smearing the sig-
nal. The observed soft leads are also then consistent
with the statistical fluctuations particularly considering
the errors on the phase lag data. We have focused on
extending the observational results, particularly without
any averaging, and demonstrated that there is a signifi-
cant number of cases where soft lead or no lead is present
in the phase lag variation of the burst oscillations. In the
light of these results it needs to be checked whether the
statistical fluctuations around the model predictions can
still explain the variation in the evolution of phase lag
with energy. In the rotating hot-spot model, the effects
of the gravity on the oscillation profile could be investi-
gated to put constraints on the neutron star equation of
state (Strohmayer 2000). Such a procedure for the rota-
tion powered pulsars is one of the major science goals of
6NICER. Hence, the consistency of the observed phase lag
results with hot-spot model needs to be examined before
it can reliably be employed to estimate the neutron star
parameters.
The temporal evolution of the oscillation amplitude
during the decay phase of the burst generally exhibits
an increase following the burst peak, reaches the max-
imum, and then decreases steadily towards the end of
the tail. The origin of the burst oscillations during the
decay phase of thermonuclear bursts is still a debated is-
sue. One of the popular models, that is the surface wave
modes in the neutron star ocean was unable to fully ex-
plain the frequency drifts and the corresponding oscil-
lation amplitudes. Another scenario that has been re-
cently proposed by Mahmoodifar & Strohmayer (2016)
is the cooling wake models. In particular, two types of
cooling mechanisms have been proposed; the canonical
cooling model and the asymmetric cooling model. The
temporal evolution of the oscillation amplitude is dis-
tinctly different between these two scenarios as shown in
Fig. 6 of Mahmoodifar & Strohmayer (2016). In these
models the brightness asymmetries are observed when
after the flame spreading the fuel burns off and then
cools down. In the symmetric canonical cooling model,
each patch on the engulfed neutron star ocean cools
down at a similar rate and manner. In the asymmetric
cooling model, the patches ignited earlier cools faster.
Mahmoodifar & Strohmayer (2016) concluded that the
canonical cooling model cannot reproduce the observed
amplitudes during the burst decay unlike the asymmetric
cooling model. If the flame speed is sufficiently low the
canonical model can in principle reproduce the observed
amplitudes but this requires longer rise time. Hence, a
correlation between the rise time and oscillation ampli-
tude of the bursts would then be expected in the canon-
ical cooling scenario. We did not observe any significant
correlation between the rise time and amplitude, there-
fore, our results further strengthens the argument for
the asymmetric cooling model which is in concurrence
with inferences reached by Mahmoodifar & Strohmayer
(2016). Moreover from our results we saw that the tem-
poral evolution of the oscillation amplitude during the
decay phase of the bursts exhibits a behavior very sim-
ilar to that predicted in the asymmetric cooling model,
the maximum of the amplitude occurring a few seconds
after the burst peak.
To further probe the physical components influencing
the burst oscillations, we performed spectral studies and
determined energetic properties of events corresponding
to the burst oscillations. We detected no significant cor-
relation between the average or the maximum temper-
ature during oscillation with the oscillation amplitude.
This implies that the strength of oscillation is strongly
affected also by factors other the blackbody temperature,
that can generate strong brightness contrast. The peak
flux and the fluence of the burst were also found to be
uncorrelated with amplitude of the corresponding oscil-
lation. We conclude that the energetics of the burst is
undoubtedly important but is not the sole contributor to-
wards generation of the brightness asymmetries. The re-
lation between the oscillation amplitude and the average
oscillation intensity for individual three sources shows a
marginal anti-correlation, which can be attributed to the
fact that stronger emission from the whole surface will
diminish the brightness contrast of any asymmetry that
is formed in the neutron star ocean.
The temporal evolution of the burst spectral param-
eters also revealed some interesting behavior. We ob-
served that, particularly during the burst decay, the
blackbody normalization generally follows an increasing
trend. It has been previously observed by Zhang et al.
(2013, 2016) that during the burst decay phase the black-
body radius shows a constant value when the oscillation
is present and following the oscillation phase the black-
body radius shows an increasing trend. On the other
hand for the bursts where oscillation has not been de-
tected, the blackbody radius usually shows a constant or
a decreasing trend. Our result agrees perfectly with these
observations as in almost all cases for our selected bursts
(all of which exhibit oscillation), that is, we observe an
increasing blackbody radius. We also observed compara-
tively short rise times for our sample of bursts (Table. 1)
which was also reported by Zhang et al. (2016) for bursts
with oscillation. This phenomenon was attributed to sce-
nario that when the cooling wake initiates near the pole a
burst with oscillation is observed and when cooling wake
begins near the equator no oscillation is observed during
a burst. When the asymmetry begins at a higher lat-
itude the flame front there and hence the cooling there
progresses at a relatively slower rate thereby exhibiting a
longer lasting asymmetry. Here it should be noted that
the last 10 cases that we have presented in the tables
show burst oscillation during their rising phase for com-
parison purposes. Both the blackbody temperature and
the blackbody radius show a steady increase during the
rising phase of the bursts which can be explained by the
spreading of burning front on the surface of the highly
rotating star. The oscillation properties during the
rise are also in agreement with the expanding hot-spot
model which was also pointed out in previous literature
(Strohmayer et al. 1997; Bhattacharyya & Strohmayer
2005; Chakraborty & Bhattacharyya 2014). Finally, the
convexity indicating the ignition latitude showed both
positive and negative values for our sample of bursts,
which hints that for the bursts with oscillation during
the tail the thermonuclear burning possibly initiates at
the higher latitudes which is consistent with our spectral
analysis results.
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Parameters of burst oscillations
Source Spin Burst Burst time Tdur Burst rise Tosc Ipeak Iosc A
(Hz) ID1 UTC (s)2 time (s) (s)3 (cnts/s)4 (cnts/s)5 (%)6
4U 1636–536 581 30053-02-01-02 1998-08-20T03:26:36 13.53 2.03 2.00 7464.00 2934.20 8.59± 0.82
4U 1636–536 581 40028-01-06-00 1999-06-10T05:11:28 17.41 1.03 10.25 6068.00 2146.05 5.47± 0.48
4U 1636–536 581 40030-03-04-00 1999-06-19T16:57:43 17.78 1.41 2.25 5372.00 3672.78 10.06± 0.78
4U 1636–536 581 40031-01-01-06 1999-06-21T18:05:36 14.30 2.05 1.25 5660.00 3301.60 6.19± 1.11
4U 1636–536 581 40028-01-15-00 2000-06-15T03:49:32 16.66 1.16 5.00 6464.00 2889.52 11.20± 0.53
4U 1636–536 581 40028-01-18-00 2000-08-09T08:41:36 14.66 2.03 6.25 6108.00 2959.20 5.65± 0.52
4U 1636–536 581 50030-02-04-00 2001-01-28T02:24:16 15.66 1.53 3.75 6068.00 3653.00 7.00± 0.60
4U 1636–536 581 50030-02-05-01 2001-02-01T21:00:33 14.78 1.91 6.00 5998.00 2857.75 5.07± 0.54
4U 1636–536 581 60032-01-02-00G 2001-06-15T00:03:28 13.42 2.55 5.75 6668.00 2288.17 11.29± 0.87
4U 1636–536 581 60032-01-06-01 2001-08-28T06:15:47 14.91 1.41 3.75 5756.00 3614.53 5.87± 0.61
4U 1636–536 581 60032-01-14-01 2001-11-01T06:58:27 16.78 1.78 6.00 6018.67 3502.83 4.12± 0.56
4U 1636–536 581 60032-01-20-01 2002-01-09T09:49:41 14.91 2.28 3.25 7114.67 4354.46 4.90± 0.68
4U 1636–536 581 60032-05-06-00 2002-01-14T07:05:36 11.15 2.03 4.75 7186.67 2536.21 3.85± 0.75
4U 1636–536 581 91024-01-42-00 2005-05-26T07:04:32 13.18 2.43 3.75 6968.00 2632.80 7.94± 1.01
4U 1702–429 329 20084-02-01-00 1997-07-19T18:24:32 14.40 1.41 7.75 5208.00 2062.35 6.75± 0.50
4U 1702–429 329 20084-02-01-02 1997-07-30T11:43:28 14.53 1.16 9.50 3363.20 1340.67 11.53± 0.56
4U 1702–429 329 80033-01-01-07 2004-01-18T21:10:06 16.17 0.55 1.50 4477.33 2107.56 10.50± 1.45
4U 1702–429 329 80033-01-01-04 2004-01-19T23:46:24 15.03 1.28 0.25 4528.00 4020.00 5.86± 2.57
4U 1702–429 329 80033-01-04-00 2004-02-29T01:07:28 15.44 1.32 6.00 3244.00 1823.42 13.72± 0.96
4U 1702–429 329 80033-01-07-02 2004-04-08T21:37:36 16.30 2.30 4.50 3234.00 1936.06 6.14± 0.76
4U 1702–429 329 80033-01-09-00 2004-04-09T21:13:20 15.41 0.78 3.00 3798.00 2361.50 8.54± 0.84
4U 1702–429 329 80033-01-14-00 2004-04-14T17:41:20 14.66 1.66 2.50 3693.33 2071.47 8.98± 1.14
4U 1702–429 329 80033-01-16-03 2004-04-16T01:15:42 15.53 1.91 1.00 3528.00 1919.00 9.97± 1.86
4U 1702–429 329 80033-01-16-00 2004-04-16T20:09:20 13.15 0.66 4.25 4100.80 2080.09 10.55± 0.67
4U 1702–429 329 80033-01-16-08 2004-04-17T02:27:28 12.28 1.16 6.00 5061.33 2370.89 8.64± 0.69
4U 1702–429 329 91023-02-02-00 2005-09-17T10:11:28 14.03 1.53 0.25 5072.00 3490.67 7.48± 2.80
4U 1728–34 363 20083-01-02-000 1997-09-22T05:59:48 15.78 1.91 3.75 2870.40 2011.09 9.08±0.73
4U 1728–34 363 40033-06-03-020 1999-01-31T21:57:20 12.93 0.68 1.50 5828.80 3549.67 9.04± 0.91
4U 1728–34 363 40033-06-03-05 1999-02-04T21:54:24 11.78 0.66 0.75 6472.00 2467.73 6.51± 1.48
4U 1728–34 363 40019-03-02-00 1999-08-19T15:10:24 15.16 1.16 5.50 4034.67 2287.64 10.28± 0.73
4U 1728–34 363 50030-03-08-02 2001-10-18T03:12:32 15.66 0.91 5.75 5818.00 3128.39 6.01± 0.53
4U 1728–34 363 50030-03-08-00 2001-10-18T09:14:24 13.43 0.91 0.75 4972.00 3726.00 5.69± 1.33
4U 1728–34 363 90406-01-01-00 2004-03-12T01:29:20 16.78 1.03 4.50 3362.67 2555.26 6.31± 0.76
KS 1731–260 541 10416-01-01-00 1996-07-14T03:36:16 14.03 2.91 2.00 3880.00 2786.10 4.70±0.85
KS 1731–260 541 30061-01-04-02 1999-02-27T16:48:32 14.30 1.78 7.50 3056.00 1641.39 5.52±0.57
MXB 1658–298 567 40050-04-04-00 1999-04-14T11:16:16 10.28 0.78 3.50 1536.00 459.71 9.81±1.57
4U 1608–52 620 30062-01-01-00 1998-03-27T13:54:24 16.61 1.74 0.75 14292.80 2798.13 5.93±1.38
4U 1608–52 620 70059-03-01-000 2002-09-12T03:54:24 25.93 2.30 7.25 14621.33 5057.06 6.82±0.43
SAX J1750.8–2900 601 60035-01-02-02 2001-04-12T13:40:32 10.43 1.82 1.00 4090.00 1545.25 9.42±1.80
4U 1915–053 270 30066-01-03-03 1998-08-01T18:01:47 17.18 1.53 1.50 1252.80 854.13 10.76±1.76
4U 1636–536 581 10088-01-07-02 1996-12-28T23:26:24 7.28 2.41 2.50 2076.80 1591.92 10.15±1.01
4U 1636–536 581 30053-02-02-00 1998-08-20T05:11:07 8.43 1.68 2.75 2617.60 1894.18 9.12±0.88
4U 1636–536 581 40028-01-02-00 1999-02-27T07:29:20 11.03 1.91 1.00 6852.00 2818.25 11.24±1.34
4U 1636–536 581 40028-01-08-00 1999-06-18T21:25:36 11.91 1.78 1.00 5452.00 3496.75 9.16±1.20
4U 1636–536 581 60032-05-03-00 2002-01-12T21:36:32 17.17 3.17 4.00 2482.67 1753.17 11.94±0.98
4U 1702–429 329 80033-01-04-02 2004-02-29T06:07:28 15.03 1.03 0.50 4162.67 3892.67 6.35±1.86
4U 1702–429 329 80033-01-06-00 2004-03-02T06:42:24 13.78 1.78 1.75 4730.67 4408.19 5.00±0.93
4U 1702–429 329 80033-01-13-000 2004-04-13T18:01:20 14.28 1.66 1.25 4394.67 4224.87 7.87±1.12
4U 1728–34 363 20083-01-01-01 1997-09-19T12:29:44 12.40 1.90 1.50 4652.80 2782.67 7.01±0.98
4U 1728–34 363 50030-03-09-01 2001-10-27T23:33:56 15.91 1.91 1.00 4570.67 2291.67 14.35±1.71
1 Since each of the selected RXTE observation sample contain only one thermonuclear burst, the RXTE observation identification
number is used as burst identifier.
2 The duration of the burst, obtained by considering the time from rise to the instant when the intensity in 10% the peak intensity. 3 The
interval during which the oscillation was found to be significant according to the chosen criterion (§ 2).
4 Peak intensity/PCU of the burst over the entire 2-60 keV energy band computed from light curve with time resolution of 0.125 s.
5 Average intensity/PCU during the time when oscillation is present (Tosc) again computed over the entire 2-60 keV energy band from
light curve with time resolution of 0.125 s.
6 The time averaged fractional amplitude of oscillation calculated over the interval of significant oscillation (§ 2).
The data following the horizontal line represents the cases for which burst oscillation has been detected during the rising phase.
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Fit parameters of the phase lags with energy
Spin Burst Constant Linear
(Hz) ID Level (10−2) χ2(4)a Ordinate slope (10−3) χ2(3)a
581 30053-02-01-02 -0.03 3.24 -0.0704 7.83 0.21
581 40028-01-06-00 0.64 0.84 -0.0101 1.35 0.66
581 40030-03-04-00 -0.93 4.22 0.0593 -6.14 0.62
581 40031-01-01-06 0.10 4.23 -0.0344 3.92 3.78
581 40028-01-15-00 0.51 4.16 -0.0290 2.92 1.17
581 40028-01-18-00 0.74 6.61 -0.0363 3.84 5.09
581 50030-02-04-00 0.93 5.84 -0.0680 6.87 0.43
581 50030-02-05-01 1.17 10.33 -0.0666 6.68 6.49
581 60032-01-02-00G -0.75 4.66 0.0502 -5.42 0.82
581 60032-01-06-01 2.56 16.34 -0.0764 8.55 10.38
581 60032-01-14-01 -0.68 5.38 -0.0145 0.69 5.36
581 60032-01-20-01 0.30 1.98 0.0074 -0.38 1.98
581 60032-05-06-00 -2.44 10.62 0.1275 -14.54 2.21
581 91024-01-42-00 0.36 0.76 -0.0178 1.99 0.67
329 20084-02-01-00 1.06 10.05 -0.0417 4.64 7.55
329 20084-02-01-02 -0.30 0.92 0.0119 -1.46 0.45
329 80033-01-01-07 -2.56 8.70 0.1320 -12.87 1.55
329 80033-01-01-04 0.68 2.25 0.0040 0.24 2.25
329 80033-01-04-00 0.67 2.07 -0.0235 2.74 1.00
329 80033-01-07-02 -0.76 8.12 0.0655 -5.85 5.70
329 80033-01-09-00 -0.57 0.94 0.0011 -0.71 0.90
329 80033-01-14-00 1.12 7.39 -0.0203 2.83 7.00
329 80033-01-16-03 -0.98 0.59 0.0158 -2.72 0.46
329 80033-01-16-00 -0.11 6.94 0.0490 -4.42 4.37
329 80033-01-16-08 0.51 3.88 -0.0425 4.77 0.79
329 91023-02-02-00 0.51 1.84 -0.0369 3.49 1.41
363 20083-01-02-000 -0.15 2.53 0.0589 -6.54 0.70
363 40033-06-03-020 0.25 3.31 0.0539 -6.23 2.42
363 40033-06-03-05 0.73 1.61 -0.0669 7.29 0.48
363 40019-03-02-00 0.73 4.29 -0.0437 4.47 1.57
363 50030-03-08-02 0.18 6.45 -0.0269 2.32 5.79
363 50030-03-08-00 -0.24 1.02 0.0102 -1.37 1.00
363 90406-01-01-00 0.41 2.59 0.0303 -2.13 2.44
541 10416-01-01-00 1.79 3.99 -0.0353 4.81 3.21
541 30061-01-04-02 0.45 3.14 -0.0276 3.53 1.96
567 40050-04-04-00 1.73 1.38 -0.0441 5.51 0.38
620 30062-01-01-00 -1.01 3.50 0.0581 -6.32 2.77
620 70059-03-01-000 0.72 2.77 -0.0152 1.90 2.22
601 60035-01-02-02 0.84 1.65 -0.0049 1.03 1.62
270 30066-01-03-03 -0.61 5.76 0.1225 -12.51 2.78
581 10088-01-07-02 -0.40 2.30 -0.0054 0.14 2.30
581 30053-02-02-00 1.20 10.72 -0.0758 8.06 6.92
581 40028-01-02-00 0.39 0.56 -0.0086 1.30 0.50
581 40028-01-08-00 0.77 1.94 -0.0160 2.02 1.74
581 60032-05-03-00 0.45 0.66 -0.0057 1.02 0.56
329 80033-01-04-02 0.59 9.88 -0.1716 17.71 2.40
329 80033-01-06-00 0.80 4.04 -0.0762 10.36 1.16
329 80033-01-13-000 0.75 2.70 -0.0434 6.13 1.57
363 20083-01-01-01 0.33 2.94 -0.0586 5.95 1.77
363 50030-03-09-01 1.13 0.96 -0.0292 3.64 0.37
a The chi-square of the constant and linear fits with the corresponding degrees of freedom presented in the parentheses.
As before, the data points following the horizontal line represent those cases where the oscillation has been detected during the rising
phase of the burst.
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TABLE 3
Spectral parameters of burst oscillations
Burst ID kT1osc Peak flux
2 (10−9) Fluence3 (10−7) Convexity
(keV) erg/s/cm2 erg/cm2
30053-02-01-02 2.34 ± 0.24 62.68 0.59
0.59 3.55 7.26
40028-01-06-00 2.04 ± 0.28 51.47 0.47
0.47 3.66 3.41
40030-03-04-00 2.17 ± 0.11 47.16 0.46
0.47 3.22 14.83
40031-01-01-06 2.16 ± 0.17 49.26 0.47
0.47 2.88 9.46
40028-01-15-00 2.20 ± 0.16 51.98 0.48
0.49 3.70 6.31
40028-01-18-00 1.92 ± 0.33 51.35 0.51
0.51 2.99 -0.93
50030-02-04-00 2.21 ± 0.13 45.70 0.36
0.37 3.28 5.60
50030-02-05-01 1.95 ± 0.32 52.19 0.47
0.48 3.09 -4.78
60032-01-02-00G 1.97 ± 0.23 60.10 0.60
0.60 3.81 30.36
60032-01-06-01 2.18 ± 0.23 46.56 0.43
0.44 3.12 1.29
60032-01-14-01 2.06 ± 0.27 49.66 0.50
0.51 3.66 17.65
60032-01-20-01 2.34 ± 0.11 59.04 0.58
0.58 4.06 21.70
60032-05-06-00 1.86 ± 0.27 60.67 0.57
0.58 3.23 27.04
91024-01-42-00 2.01 ± 0.18 56.84 0.57
0.57 3.50 29.24
20084-02-01-00 1.90 ± 0.40 51.64 0.48
0.49 3.08 28.20
20084-02-01-02 1.53 ± 0.42 28.92 0.28
0.29 1.70 10.53
80033-01-01-07 1.85 ± 0.16 41.29 0.44
0.43 2.61 -18.26
80033-01-01-04 2.44 ± 0.03 42.70 0.44
0.45 2.65 11.44
80033-01-04-00 1.78 ± 0.31 26.16 0.42
0.42 1.59 10.05
80033-01-07-02 1.69 ± 0.30 29.72 0.32
0.32 2.18 25.73
80033-01-09-00 2.00 ± 0.28 34.52 0.34
0.35 2.08 6.65
80033-01-14-00 1.89 ± 0.20 34.21 0.40
0.41 1.96 29.13
80033-01-16-03 1.84 ± 0.16 31.01 0.37
0.38 1.82 24.52
80033-01-16-00 1.96 ± 0.28 32.82 0.31
0.32 2.00 7.24
80033-01-16-08 1.84 ± 0.37 46.46 0.46
0.46 2.44 13.98
91023-02-02-00 2.09 ± 0.02 46.70 0.47
0.47 2.90 32.07
20083-01-02-000 1.88 ± 0.21 23.52 0.26
0.26 1.52 19.17
40033-06-03-020 2.60 ± 0.07 55.01 0.54
0.55 3.31 -1.85
40033-06-03-05 2.60 ± 0.04 59.64 0.59
0.60 3.46 10.96
40019-03-02-00 2.08 ± 0.26 30.58 0.42
0.41 1.74 8.76
50030-03-08-02 2.22 ± 0.30 53.66 0.53
0.54 3.48 9.34
50030-03-08-00 2.59 ± 0.05 47.49 0.44
0.45 2.74 0.98
90406-01-01-00 2.12 ± 0.17 25.46 0.36
0.36 1.87 8.64
10416-01-01-00 2.19 ± 0.15 29.81 0.30
0.30 1.95 23.74
30061-01-04-02 2.05 ± 0.23 34.36 0.33
0.33 2.49 21.94
40050-04-04-00 2.19 ± 0.24 10.48 0.17
0.17 0.46 -6.37
30062-01-01-00 1.76 ± 0.08 128.10 1.16
1.17 9.92 6.57
70059-03-01-000 2.11 ± 0.19 129.69 1.17
1.17 14.33 -4.53
60035-01-02-02 1.82 ± 0.13 39.89 0.39
0.39 1.93 10.00
30066-01-03-03 2.13 ± 0.17 10.93 0.18
0.18 0.71 23.55
10088-01-07-02 1.82 ± 0.19 13.40 0.20
0.19 0.40 -5.44
30053-02-02-00 1.85 ± 0.18 19.99 0.24
0.23 0.65 13.57
40028-01-02-00 2.37 ± 0.03 54.44 0.54
0.53 2.78 9.59
40028-01-08-00 1.98 ± 0.28 45.38 0.44
0.46 2.30 14.74
60032-05-03-00 1.74 ± 0.10 19.58 0.28
0.27 1.47 19.56
80033-01-04-02 2.37 ± 0.03 37.79 0.42
0.42 2.54 5.13
80033-01-06-00 2.28 ± 0.14 45.06 0.85
0.85 10.87 21.45
80033-01-13-000 2.40 ± 0.09 41.26 0.44
0.44 2.58 15.61
20083-01-01-01 2.38 ± 0.09 39.75 0.39
0.39 2.45 8.55
50030-03-09-01 2.33 ± 0.06 42.19 0.46
0.46 2.79 11.71
1 The blackbody temperature from the time-resolved spectroscopy analysis averaged over the duration during which the burst oscillation
is present. The errors presented are usually standard deviation; 1 σ statistical errors are presented in certain cases where it is
comparatively larger.
2 The 3-15 keV flux and its 1 σ error corresponding to the burst peak.
3 The 3-15 keV burst fluence integrated over the burst duration.
The data following the horizontal line represents the cases for which burst oscillation has been detected during the rising phase only.
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TABLE 4
Maximum of burst oscillation amplitudes
Burst ID Position relative1 Maximum fractional2
to burst peak (s) amplitude in %
30053-02-01-02 1.00 7.61 ± 0.97
40028-01-06-00 4.50 13.20 ± 1.62
40030-03-04-00 2.50 11.20 ± 1.37
40031-01-01-06 3.00 6.87 ± 1.43
40028-01-15-00 3.50 14.23 ± 1.67
40028-01-18-00 4.50 10.26 ± 1.66
50030-02-04-00 1.50 7.84 ± 1.53
50030-02-05-01 8.50 9.78 ± 2.90
60032-01-02-00G 7.50 15.35 ± 3.38
60032-01-06-01 3.00 5.41 ± 1.27
60032-01-14-01 5.50 9.03 ± 1.97
60032-01-20-01 3.50 7.21 ± 1.48
60032-05-06-00 6.00 15.74 ± 2.70
91024-01-42-00 5.00 11.02 ± 2.54
20084-02-01-00 7.50 10.02 ± 2.19
20084-02-01-02 6.00 15.89 ± 2.44
80033-01-01-07 4.50 12.63 ± 1.99
80033-01-01-04 0.00 6.58 ± 1.31
80033-01-04-00 7.00 18.18 ± 4.51
80033-01-07-02 2.50 8.58 ± 1.68
80033-01-09-00 3.00 8.64 ± 1.69
80033-01-14-00 2.00 10.55 ± 2.03
80033-01-16-03 2.50 10.48 ± 2.24
80033-01-16-00 5.00 11.55 ± 1.81
80033-01-16-08 7.50 12.35 ± 3.38
91023-02-02-00 1.50 6.17 ± 1.35
20083-01-02-000 1.50 11.74 ± 1.70
40033-06-03-020 1.50 8.88 ± 1.24
40033-06-03-05 2.00 5.97 ± 0.94
40019-03-02-00 3.50 17.00 ± 2.99
50030-03-08-02 1.00 8.13 ± 1.52
50030-03-08-00 4.50 6.74 ± 1.79
90406-01-01-00 3.00 14.36 ± 2.41
10416-01-01-00 0.00 6.20 ± 1.59
30061-01-04-02 4.00 13.70 ± 1.86
40050-04-04-00 2.50 15.86 ± 3.88
30062-01-01-00 5.50 11.00 ± 4.48
70059-03-01-000 9.00 9.65 ± 1.15
60035-01-02-02 3.50 9.35 ± 2.14
30066-01-03-03 2.50 9.31 ± 2.59
10088-01-07-02 -0.50 12.84 ± 2.06
30053-02-02-00 -1.50 37.65 ± 4.52
40028-01-02-00 -2.00 20.20 ± 3.43
40028-01-08-00 -1.50 16.85 ± 1.94
60032-05-03-00 -3.00 40.99 ± 10.25
80033-01-04-02 -0.50 8.29 ± 1.69
80033-01-06-00 -0.50 5.40 ± 1.31
80033-01-13-000 -0.50 5.43 ± 1.37
20083-01-01-01 -2.00 25.19 ± 5.10
50030-03-09-01 -2.00 24.48 ± 7.14
1 The position of the significant maximum of the time evolution of the burst oscillation relative to the burst peak in seconds. A negative
value means that oscillation are detected before the burst peak during the rising phase.
2 The maximum fractional amplitude in % and its corresponding error. The fractional amplitude in this case is computed in each 0.5 s
time bin during the burst. Here it should be noted that during the rise the amplitude is relatively less in a couple of cases, this is because
of the fine time interval with less statistics; and an averaged amplitude computed during the entire rise would reproduce the usual larger
amplitude values reported in literature during the rise.
The data following the horizontal line represents the cases for which burst oscillation has been detected during the rising phase only.
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Fig. 1.— Phase lag variation of burst oscillation with energy. The different columns represent the different sources and the different
rows denote the different phase evolution with energy. Here we have chosen a representative sample to highlight the varying phase energy
behavior across sources. The burst IDs considered for this figure are identified at the top of each panel.
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Fig. 2.— Comparison between the phase lag behavior for different reference band choice. On the left the phase lag evolution is computed
considering the entire energy band and on the right panel the phase lag evolution is computed considering the first channel range (channels
5-12) as the reference band. In the later case no error are put on the first energy band as it is taken as the reference band. Between the
two methods even though the magnitude of the phase lag changes as a consequence of changing the reference, the sign and the evolution
exhibits the same behavior. The errors given here are 1σ statistical errors on the phase difference and are computed propagating the errors
on the phases obtained through sinusoidal fitting of the phase-folded lightcurves in each energy band.
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Fig. 3.— Amplitude variation of burst oscillation with energy. The different columns represent the different sources and the different
rows denote the different amplitude evolution with energy. Here we have chosen a representative sample to highlight the amplitude energy
behavior across sources. The burst IDs considered for this figure are identified at the top of each panel.
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Fig. 4.— Variation of total fractional amplitude with rise time of
the burst. The sample of bursts considered for this figure comprises
of bursts that exhibit tail oscillations only. The total fractional am-
plitude was computed by epoch-folding the entire interval during
which the oscillation was detected to be significant (see § 2).
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Fig. 5.— Variation of fractional amplitude with the average intensity in the entire 2-60 keV PCA energy band during the interval where
oscillation is present for the three sources 4U 1636–536, 4U 1702–42 and 4U 1728–34. Here the black squares denote the oscillation during
the burst decay phase whereas the red triangles denote oscillation during the rising phase.
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Fig. 6.— Variation of fractional amplitude with the peak burst intensity in the entire 2-60 keV PCA energy band for the three sources
4U 1636–536, 4U 1702–42 and 4U 1728–34. Here the black squares denote the oscillation during the burst decay phase whereas the red
triangles denote oscillation during the rising phase.
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Fig. 7.— Variation of spectral parameters during a typical burst.
The solid line with diamond symbols shows the flux each 0.25 s seg-
ment. The right hand y-axis corresponds to the burst flux. The
black square symbols and the red asterisk symbols displays the
variation in the blackbody temperature and normalization respec-
tively. The first red left hand y-axis corresponds to the blackbody
normalization and the subsequent left hand y-axis corresponds to
the blackbody temperature.
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Fig. 8.— Variation of fractional amplitude with the maximum
blackbody temperature during the interval where oscillation is
present. The red diamonds correspond to the oscillation during
the rising phase whereas the black squares represnts the oscillation
during the burst decay phsae.
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Fig. 9.— Temporal variation of burst oscillation amplitude for three sources. The dashed lines denote the time interval during which the
oscillation was detected to be significant.
